Magnetic and transport properties of a fully epitaxial CoFe/n-GaAs junction were investigated. The CoFe film grown on the GaAs showed strong magnetic anisotropy in which uniaxial anisotropy with an easy axis of ͓110͔ dominated with a slight cubic anisotropy having easy axes of ͓110͔ and ͓110͔ superimposed. Tunneling anisotropic magnetoresistance ͑TAMR͒ was observed at 4.2 K in the CoFe/n-GaAs junction. Angular dependence of the tunnel resistance showed uniaxial-type anisotropic tunnel resistance between the ͓110͔ and ͓110͔ directions in the ͑001͒ plane that varied strongly with a bias voltage. The observed TAMR effect can be explained by the anisotropic electronic structure due to Rashba and Dresselhaus spin-orbit interactions.
A spin-valve-like magnetoresistance ͑MR͒, referred to as tunneling anisotropic MR ͑TAMR͒, was recently found in ͑Ga, Mn͒As-based magnetic tunnel junctions ͑MTJs͒ 1,2 and CoFe/MgO/CoFe MTJs. 3 Unlike the tunneling MR effect, in which the tunnel resistance changes depending on the relative orientation of the magnetizations ͑whether parallel or antiparallel͒ of the two independent ferromagnetic electrodes in the MTJs, the TAMR effect produces a change in the tunnel resistance for MTJs with the parallel magnetization configuration depending on the absolute direction of the magnetizations with respect to the crystal axes. The TAMR is attributed to the anisotropic density of states for tunneling electrons due to spin-orbit interactions ͑SOIs͒. 1 Furthermore, there have been several reports on the TAMR effect in junctions with a single ferromagnetic electrode, such as ͑Ga, Mn͒As/ AlO x / Au, 4 Fe/ i-GaAs/ Au, 5 ͑Co/ Pt͒ n / AlO x / Pt, 6 and CoFeB/MgO/n-GaAs. 7 Since the TAMR can produce a spin-valve-like effect with only a single ferromagnetic electrode, it is essential to investigate the TAMR effect in junctions having a single ferromagnetic electrode rather than in the MTJ structures.
Interestingly, the TAMR effect occurs also in ferromagnet/semiconductor junctions as reported in Ref. 5 . This suggests that the TAMR effect would affect the properties of spin injection devices using ferromagnet/ semiconductor heterostructures, particularly spin transistors, 8, 9 in which a MR effect between the ferromagnetic source and drain electrodes caused by spin polarized electrons injected from the source plays an important role in the device operation. The structure given in Ref. 5 , in which a thin undoped GaAs layer acting as a tunnel barrier is sandwiched between Fe and Au electrodes, differs from those of typical spin injection devices. Thus, it is important to investigate the TAMR effect in more straightforward structures for the clarification of the influence of the TAMR effect on spin injection devices. In this study, we prepared an epitaxial CoFe thin film on n-GaAs, whose structure is similar to the channel structure of a typical spin injection device 10 and in-vestigated the TAMR effect of the CoFe/n-GaAs junctions. We also investigated magnetic properties of the CoFe thin film grown on the n-GaAs and discuss the possible origin of both the magnetocrystalline anisotropy and the TAMR.
Layer structures consisting of ͑from the substrate side͒ i-GaAs ͑50 nm͒ / n − -GaAs ͑Si= 1 ϫ 10 16 cm −3 , 750 nm͒ / n + -GaAs ͑Si= 3 ϫ 10 18 cm −3 , 30 nm͒ were grown by molecular beam epitaxy at 580°C on GaAs͑001͒ substrates. This channel structure was similar to that described in Ref. 10 , where electrical spin injection and detection using a Fe electrode were reported. The n + -GaAs layer was inserted to reduce the Schottky barrier width, resulting in the tunnel conduction becoming dominant. The sample was then capped with an arsenic protective layer and transported to an ultrahigh-vacuum magnetron-sputtering chamber with a base pressure of about 6 ϫ 10 −8 Pa. Prior to the growth, the arsenic cap was removed by heating the sample to 400°C. A 20-nm-thick Co 50 Fe 50 ͑CoFe͒ film and a 5-nm-thick Ru capping layer were grown by magnetron sputtering at room temperature ͑RT͒.
X-ray pole figure measurement confirmed that a CoFe film was epitaxially grown on the GaAs with a cube-on-cube relation. Figure 1 shows the magnetic hysteresis curves of an epitaxial CoFe film measured at RT. A magnetic field ͑H͒ was applied along the ͓110͔ and ͓110͔ directions. Saturation magnetization of approximately 1700 emu/ cm 3 was obtained, a value comparable to that typically reported in the bulk sample. The CoFe film showed strong magnetic anisotropy. In addition to cubic anisotropy imposed by the crystal symmetry of CoFe with easy axes of ͓110͔ and ͓110͔, uniaxial anisotropy with an easy axis in the ͓110͔ direction was observed because of structural and/or electronic asymmetry of the CoFe/GaAs interface between ͓110͔ and ͓110͔, as discussed later.
Next we will describe the transport properties of CoFe/ n-GaAs junctions. Figure 2 shows MR curves at 4.2 K with measuring circuits for ͑a͒ a lateral CoFe/n-GaAs/CoFe junction consisting of two CeFe/n-GaAs junctions and ͑b͒ a CoFe/n-GaAs single junction. Fig. 2͑a͒ were 10ϫ 50 and 15ϫ 50 m 2 , and the spacing between them was 2 m, while the size of the junction measured in Fig. 2͑b͒ was 10ϫ 50 m 2 . A constant current of 10 nA was supplied to each junction and H was applied along the ͓110͔ direction. The circuit configuration shown in Fig. 2͑a͒ measures the resistance between two CoFe electrodes through the n − -GaAs, including the series resistance of two CoFe/n-GaAs junctions, while the circuit configuration shown in Fig. 2͑b͒ measures the resistance between the CoFe and the n − -GaAs in the middle junction. A clear MR change was observed for both cases. Since the MR value shown in Fig. 2͑a͒ was almost equal to the sum of the MR value of each junction, the origin for the MR change was the same in both cases. We will hereafter consider the MR characteristics of the CoFe/n-GaAs single junction shown in Fig. 2͑b͒ . Since H was applied along the ͓110͔ direction, low resistance states at sufficiently high magnetic fields of ͉H͉ Ͼ 200 Oe correspond to states in which the magnetization ͑M͒ of the CoFe lies along the ͓110͔ or ͓110͔ direction. On the other hand, high resistance states at small magnetic fields of ͉H͉ Ͻ 200 Oe correspond to states in which M is oriented to other directions during a magnetization reversal. Therefore, it is most probable that the peak of the MR curve is due to the state in which M of the CoFe lies along the ͓110͔ or ͓110͔ direction.
To confirm the relation described above between the resistance value and the magnetization direction of CoFe, we investigated the dependence of the MR value on the direction of M. Figure 3 shows a polar plot of the MR value at 4.2 K under H = 1000 Oe, where M was forced to align along the direction of H by applying a sufficiently high magnetic field. The polar angle in the figure indicates the angle between the direction of M and the ͓110͔ direction. The figure clearly shows a uniaxial-type anisotropic MR value with respect to in-plane M. The MR value took a maximum at = Ϯ 90°͑ M ʈ ͓110͔ or M ʈ ͓110͔͒ and a minimum at = 0 or 180°͑ M ʈ ͓110͔ or M ʈ ͓110͔͒, with an MR ratio of approximately 1.3%. The observed MR change cannot be explained by either an anisotropic MR ͑AMR͒ effect of the CoFe electrode or a local Hall effect in the n-GaAs due to a stray field from the CoFe electrode because the resistance change caused by the AMR effect of the CoFe layer ͑estimated to be less than about 10 ⍀͒ and that caused by the local Hall effect ͑estimated to be less than 1 ⍀͒ were much smaller than the observed MR change ͑about 20 k⍀͒, indicating that the TAMR was dominant in the MR change. Note that since the TAMR effect induces the MR change at each junction, it affects the MR characteristics of a device consisting of a lateral ferromagnet/semiconductor-channel/ferromagnet structure, as shown in Fig. 2͑a͒ .
The bias voltage ͑V͒ dependence of the MR ratio clearly showed that the MR ratio decreased as the magnitude of V increased for both polarities. Here, we defined the MR ratio by r = ͑R 110 − R 110 ͒ / R 110 , where R 110 and R 110 stand for MR values at M ʈ ͓110͔ and ͓110͔, respectively. The bias voltage was defined with respect to the n-GaAs. Interestingly, a negative MR ratio was obtained at V Ն 0.2 V. Figure 4 shows MR curves with different forward bias voltages close to 0.2 V. R 110 was smaller than R 110 when V Ͻ 0.2 V ͑positive MR ratio͒ but larger when V Ն 0.2 V ͑negative MR ra-tio͒. Such switching between the positive and negative MR ratios depending on the bias voltage was also reported for the Fe/ i-GaAs/ Au vertical junction of Ref. 5. We observed uniaxial-type anisotropy between the ͓110͔ and ͓110͔ directions for both the crystalline magnetoanisotropy and the tunnel resistance in the epitaxial CoFe/n-GaAs junction. We will discuss the origin of these anisotropic natures. Uniaxial-type magnetic anisotropy similar to that shown in Fig. 1 has been reported in several previous studies, [11] [12] [13] [14] [15] [16] [17] [18] in particular for Fe ͑Ref. 11͒ or Co-based Heusler alloy thin films 12-18 grown on GaAs. There have been several theoretical models for the symmetry of the GaAs substrate, such as a surface reconstruction of GaAs, formation of an interface alloy, or anisotropic interfacial bonds. 16 Although these models based on the structural asymmetry of the GaAs substrate might be able to explain the nonequivalent tunnel resistance between R 110 and R 110 , they cannot explain the results for the bias voltage dependence of the MR, in particular the switching behavior between the positive and negative MR ratios depending on the bias voltage, as shown in Fig. 4 .
A possible theoretical model based on the combination of Rashba and Dresselhaus SOIs was proposed for the origin of the TAMR, including its bias voltage dependence. 5 We will briefly summarize the consequences of Rashba and Dresselhaus terms on the electronic structure in the CoFe/n-GaAs. The Hamiltonian for the SOIs is given by
where ␣ and ␤ are the effective Rashba and Dresselhaus parameters, x and y are Pauli spin matrices, and k x and k y are the electron wave vectors. Here, the x-axis and y-axis are set to the ͓100͔ and ͓010͔ directions, and only electrons with k z Ϸ 0 are considered. The eigenvalues of the total Hamiltonian are given by
where ͑k ជ ͒ is the electron energy without the SOI. Equation ͑2͒ indicates that the ͓110͔ and ͓110͔ axes become nonequivalent in the presence of both Rashba and Dresselhaus SOIs, consequently producing the TAMR. According to this model, one can explain the switching behavior between the positive and negative MR ratios in terms of the sign of ␣␤. For example, if ␣␤ Ͼ 0, then the second term of Eq. ͑2͒ for ͓110͔ becomes smaller than that for ͓110͔, and vice versa. If the sign of ␣ and/or ␤ as well as their magnitude are assumed to be voltage dependent, one can explain the bias voltage dependence of the MR ratio. The SOI-based model, therefore, explains more reasonably the TAMR effect than those based on the structural asymmetry of the CoFe/GaAs interface. For a ͑Ga,Mn͒As system, correlation between the magnetoanisotropy and the TAMR was reported, 2 both of which originated from strong SOIs in the valence band of ͑Ga, Mn͒As. As for the CoFe/GaAs system, however, it is still unclear whether the SOI-based model can explain also the uniaxial-type magnetic anisotropy. To fully understand the correlation between the TAMR and the magnetoanisotropy, further systematic studies are necessary.
In conclusion, we observed uniaxial-type TAMR between the ͓110͔ and ͓110͔ directions in the epitaxial CoFe/n-GaAs junction. The observed TAMR effect that varied strongly with the bias voltage can be explained by the anisotropic electronic structure due to Rashba and Dresselhaus SOIs. We found that the TAMR effect possibly affects the device operation of spintronic devices consisting of ferromagnet/semiconductor heterostructures, e.g., spin injection devices. 
